Abstract Hydrological alteration within an ice-marginal valley is analysed in relation to flooding by the River Vistula flowing within that valley. Specifically, the analysis covers the period of the last two centuries (up to the present day), making reference to human impacts and natural disasters. Seven topographic maps, as well as digital terrain model (DTM) analysis of the extent of flooded areas are used to evaluate the linkage with historical flood events. Within the ice-marginal valley, flooding processes are found to still play an important role on the floodplain, although human activities have limited these significantly through the construction of embankments. The changing characteristics of floods generated by different mechanisms (e.g. heavy rainfall and ice jams) are also discussed.
INTRODUCTION
An assessment of the hydrological alteration that has occurred within the ice-marginal valley used by a large river was conducted using two approaches: an analysis of the alteration in terms of changes in the hydrological network, and a presentation of the extent of recorded past flooding episodes.
An ice-marginal valley (also known from the German as an Urstromtal) is a form orientated latitudinally and associated with periods of sufficiently long ice-sheet stagnation to allow meltwaters to carve out more major channels along the edge. An ice-marginal valley is thus a flat-bottomed feature achieving widths of between 1.5 and 20 km (Müller et al. 1995) . Similar landscapes and valley relief are to be found wherever Pleistocene glaciation has occurred, such as in North America, or in Central and Western Europe.
Ice-marginal valleys identified in Europe are much modified because, in the past, there were linkups between the meltwater 'rivers' themselves, and rivers flowing up from the south but having their further flow north blocked by the same ice sheets. In the Young Pleistocene, the rivers in question especially after World War II), has been the main cause of modifications to (and the degradation of) the hydrological network, soils and wetlands in this area. In the view of many (Falkowski 1982 , Andrzejewski 1994 , Starkel 2001 , Gottschalk et al. 2011 , Somorowska et al. 2011 , this artificial drainage system is a major factor behind decreasing groundwater levels and the isolation of the contemporary course of the river from its terraces and tributaries.
METHODS
This study has sought to analyse, and show by hydrological modeling, the alteration that has occurred over the last 200 years, using as its example part of the alluvial terrace of the Warsaw-Berlin icemarginal valley as mapped on several old topographical maps. The approach to the historical analysis entailed the use of overall indicators of hydrological alteration reflecting various forms of streamflow regulation and past water reclamation processes (Müller et al. 1995 , Gao et al. 2009 ). Widely used indicators of hydrological alteration (IHA) that characterize the impact of stream and wetland regulation by human impacts were used to describe different components of net stream change.
While the conceptualization is local or regional, the hydrological changes analysed are representative of the direction and rate of transformations occurring as a result of widespread anthropogenic activity Fig. 1 The study area as a part of the Warsaw-Berlin ice-marginal Vistula River valley acc. DEM (Kozłowski 2011). involving drainage and deforestation. The way in which embankments cut the large River Vistula off from its contemporary alluvial terrace has helped bring about a fundamental change in the interaction between hydrodynamic flooding and alluvial alimentation.
GIS-based spatial analysis enabled the interpretation of changes depicted in a series of old maps of the valley landscape of a large transit river (Gołaski 1996 , Krzywicka-Blum 1996 , Longley et al. 2005 . In order to explore the changing hydrological network, and to evaluate changes caused by human activity, detailed analysis and interpretation of seven topographic maps, published in the last two centuries, was performed. Temporal and spatial changes in the water network were evaluated quantitatively and the extent of the most severe historical floods in the River Vistula estimated. Also evaluated were changes in the extent of wetlands, and the hydrographic network determining surface and underground drainage, comprising rivers, canals and field drains.
Topographic maps used in analysis
The hydrological structure of an area is documented on a topographic map. Old maps are useful for conducting studies in historical hydrology, i.e. an objective analysis is made of the changes to which an area was subjected in the past, and for evaluating alterations in terms of kind, size and direction (Bojakowski et al. 1996 , Jankowska 1996 , Cyberski et al. 2006 , Chlost 2010 , Cieśliński 2010 , Sposób et al. 2010 , Gutry-Korycka et al. 2011 . The maps selected for this study (see Fig. 2 ) illustrate the situation during the last two hundred years of significant water management transformations in this part of the Warsaw-Berlin ice-marginal valley (including the interfluve between the Vistula, the lower Utrata and the lower Bzura rivers).
The choice was made from among multi-sheet topographic maps created between the early 1800s and the early 2000s. An important criterion was a similar scale of the maps, this limiting the impact of different levels of qualitative and quantitative generalization on the comparative analysis. A further important determinant was the year of preparation and publication. We aimed to choose maps edited at similar time intervals. Thus, seven maps were chosen to cover the period from the end of the 18th century to the end of the 20th century (published between 1803 and 2000). The scale of most of the maps is 1:100 000 (four maps from the 20th century), while the earlier ones, from the 19th century, represent smaller scales (1:150 000 and 1:126 000) or larger (1:84 000). The older cartographic representations were published about every 40 years, but since the middle of the 20th century the frequency has doubled (Fig. 2) .
David Gilly's Special-Karte von Südpreussen from 1803 (see e.g. https://www.sggee.org/research/ gilly_maps/south_prussia_map.html) was created on the basis of surveys carried out in the years 1793-1796. It was one of the last maps in South Prussia to be created on the basis of a reconnaissance survey made with 'by eye' estimation of distances on site, field reconnaissance and a compass. Due to the lack of a map graticule drawing, the map projection cannot be defined. However, it was assumed that the system used to construct the map was a part of the conical projection (Nuszkiewicz-Lisiecka 1957) . The standard error for a position on the map is between ±1.4 and ±4.2 km (Bonatowski 1995) . NuszkiewiczLisiecka (1957) points out that, while larger watercourses and lakes were projected correctly, the lack of presentation of relief reduced the accuracy as regards smaller watercourses. However, despite numerous faults, this map was for many years regarded as one of the most exact and perfect representations of this area (Olszewicz 1921) . The clarity of drawing, variety of detail and accuracy of the map, were all confirmed by Bojarowski and Szacherska (1996) .
A Topographic Map of the Kingdom of Poland from 1843, more often called the Quartermaster's Office Map (Topograficzna Karta Królestwa Polskiego), was created using a topographic image of fieldwork, which started in 1822. Topographic image surveying, together with hill shading, was done on a scale of 1:42 000, using a geodetic control network and the triangulation measurements of the surveyor. The map was constructed using a Bonnes projection and published at a scale of 1:126 000 in 1843, with an earlier completion date of 1839. Bonatowski (1995) estimated a standard error for positions on the map of ±0.075 km. Studies on the cartometrics of the map (Kwiatkowski 1955) showed that the major watercourses are presented accurately. The Quartermaster's Office Map is one of the finest works of military cartography from the times of the Kingdom of Poland (Krassowski 1978 , Siwek 2006 .
The New Topographic Map of West Russia from 1889, also called the two-verst map (Nowaja Topograficzeskaja Karta Zapadnoj Rossii), was created on the basis of field measurements based on plane table surveying, which began in 1886. They were done on half-verst (1:21 000), one-verst (1:42 000) and two-verst (1:84 000) scales. The map has a polyhedric projection. The sheets published after 1881 had a defined acceptable planimetric error, which had to be between ±10.6 m and ±21.3 m (Bonatowski 1995) , but in fact the errors were often beyond these limits. A cartometric analysis showed that the standard error of position was ±0.06 km (Adamczyk 1965) . It should therefore be stressed that, while this map does not contain any major errors, some of the elements of the land cover are not represented very precisely (Pietkiewicz 1960) .
Maps published in the 20th century are cartometric, and represent a good source of spatial information, especially when it comes to the position and range of objects. A Tactical Map of the Military Geographic Institute from 1932 to 1937 (Mapa Taktyczna Wojskowego Instytutu Geograficznego) is a fundamental Polish topographic map from the interWar period. Its mathematical basis is the Bessel ellipsoid and Roussilhe's quasi-stereographic projection (Siwek 2006 
Spatial data collection
Due to the differences in the mathematical bases underpinning the cartographic projections of each map, vector data were obtained after transforming raster images of source maps, bringing them down to one common coordinate system, WSG-84, without introducing a cartographic projection.
Due to the lack of a mathematical control network, points of adjustment as raster images were transformed at characteristic topographic points with maximum precision of positioning (permanent symbols or landmarks, e.g., sacral objects). Due to the large distortions on 19th century maps (the analysed area also includes forested terrain with inaccessible swamps and marshes, hard to reach for precise mapping), it was decided to complement the adjustment points with major road crossings with a topology conformable to the modern course of the roads. This enabled a sufficient number of adjustment points to be reached, limiting to acceptable levels the total adjustment error and root mean square (RMS) error. Only the military topographic map with the UTM projection, which uses geographical coordinates in the WGS-84 system, was recorded with the coordinates described in the frame of the sheets. In each georeference, we aimed to achieve the smallest possible total adjustment error by using the 'adjust' transformation, which is based on optimization of the global value of the smallest distances squared and local precision. The transformation results from an algorithm combining the features of polynomial transformation and the method of the triangular interpolation network. The number of common adjustment points in individual cartographic images was between eight (the UTM map) and over 60. The points were evenly distributed over the area of adjustment. The maps from the first half of the 19th century, regarded as imprecise and in many places dubious, showed the highest value for the RMS error (>0.00225). The error diminishes consistently and almost 40-fold from 0.00 270 to 0.00 007 as one moves to more perfect and precise modern maps.
Following transformation of maps into one common coordinate system, vector data were acquired for the same hydrographic elements and watermanagement facilities on each map ( Fig. 3 
(a)-(g)).
The data were vectorized using ArcMap 9.2, and stored in a spatial database, with data ordered in feature datasets representing information from each state across the last two centuries. Following the collection of vector data, all cartometric measurements were made in the '1992' coordinate system. Fig. 3 (a-g) Hydrographic alterations in the study area during the last two centuries, acc. to the selected topographic maps.
RESULTS

Evaluation of the hydrological alterations
Cartometric measurements used in the comparative analysis of hydrographic elements included the network of watercourses, the extent of swamps, wetlands, marshes and bodies of water, and a rough estimate of the drainage areas of endorheic basins.
Figure 3(a)-(g) shows successive changes in the hydrographic configuration of the ice-marginal valley. Processing was based on relief contours (as of year 2000, in a form of DTM), as this conveyed the morphological outlines of chains of dunes and blowouts. The hydrographic configuration of the flood terrace, and the areas beyond the floodplain within the current ice-marginal valley of the Vistula, was decided using the adopted classification of objects and their roles in surface drainage. The criteria used in the classification largely reflected an analysis of relief and landscape, as well as the hydrographic network. This approach enabled the identification of two sub-groups within areas lacking surface outflow. The first comprised the basins of dry blowouts, the second depressions with marshy floors or small bodies of water, such as oxbow lakes. The latter were distinguished as areas lacking surface outflows in which enhanced field evaporation or transpiration prevails.
At the beginning of the 19th century, the alluvial terrace of the ice-marginal valley-between the Vistula and the Bzura-was full of marshland and dunes, and was only locally cut into at the top edges by two short eroding streams, whose drainage base was provided by local depressions of a branch off the old valley of the Vistula. This area was only poorly drained superficially ( Fig. 3(a) ). The more proximate drainage base was not provided by the Vistula, but rather by its tributary the Bzura. This was why the first ditches and canals linked up with the Bzura (Fig. 3(b) - (d)). Further alteration of the hydrological network worked towards cutting off the Vistula from the interior of the alluvial terraces by means of (single or double) earth embankments. A further aim of these works was to have water discharge via side drains and canals forming further internal drainage basins. This entailed a fundamental change by which second-order watercourses became third-or fourthorder. Endorheic and areic areas were transformed steadily, in terms of both number and character, as a result of successive melioration works, which sought to achieve wider drainage, as well as the progressive inclusion of areas without outflow into the surface drainage system. Ultimately, more than 20% of the areas not characterized by superficial outflow remained within the blowouts lacking outflow located between sandy banks covered in pine forest (Fig. 3(e) , (f) and (g)).
Evaluation of the drainage system of the icemarginal valley area (IHA) was expressed in terms of the area of endorheic basins set against the area of natural drainage or artificial drainage. The values changed markedly, depending on the stage reached by hydrological land-improvement works (Fig. 4(a) and (b)).
Changes in the hydrographic division are related to the distance from water (rivers and man-made watercourses, swamps, marshes and bodies of water), as expressed by cumulated equidistance lines (Fig. 5) . These represent the density of the water system, which has gradually diminished over time, as Gutry-Korycka (2002) was able to confirm.
The qualitative and quantitative changes identified are especially marked in the lowest parts of the ice-marginal valley, subjected not only to hydrological improvement works (mainly drainage), but also to on-going work to regulate the Vistula after World War II, with a view to achieving increased urbanization. This work led to on-going drying and degradation of swamps and bogs. An exception to this rule occurred in the 1803-1889 period, during which areas under the cumulated curve were decreasing. However, it needs to be noted that maps from the early 19th century show swampy areas in a schematic, approximate way, due to the inaccessibility of these wet areas to topographers making field measurements. Therefore, the percentage of swampy areas is considered to be much greater than that shown on the later two-verst map from 1889, which presents conditions after the first, quite significant stage of deforestation plus hydrological improvement works (almost the whole Łasica Canal and the lower part of its tributary, the Zaborowski Canal, are marked). Endorheic basins (absorptive and with locally increased evaporation) represented more than half of the Łasica Canal topographic drainage area at that time (Fig 4(a) ). Local erosion base levels were topographic lows which developed along traces of numerous branches of past Vistula River beds, as well as those breaking through the erosion scarp of the moraine plateau. For some of these the base level was the River Bzura (in the west), as well as the Vistula in the south and east.
The study area was much changed, not only by hydrological improvement, but also by its being cut off from the river bed and lateral alimentation from the Vistula, and, to a lesser degree, the Bzura. The area under the influence of the ice-marginal valley used by the Vistula was transformed, and limited, as a result of anthropopressure. Numerous swampy areas, old river beds, branches and traces of the old surge flow of the Vistula and Bzura rivers determined the local water circulation, especially vertical and horizontal exchange at the regional scale.
Assuming the hydrological situation from 1803 to be quasi-original, it is thought that the study area was drained to only a limited degree by a few minor streams alimented by springs situated under the erosion scarp of the plateau, which also alimented the swampy lows (Figs 3(a) and 4(a) ). There are traces of an old channel flow in the study area and its deeper pools. Short watercourses, however, had significant water gradients, which even allowed for their use in turning mill wheels. The study area of the ice-marginal valley was up to 80% endorheic, while the total length of watercourses was just 140 km (Fig. 4(b) ). The initial stage of a hydrographic system, e.g. of the old Łasica Canal, was a small, short stream coming from under the plateau erosion scarp (lows in the drainage area of the contemporary Olszowiecki Canal) (Fig. 3(a) ). This watercourse meandered greatly, joining one of the branches of the Bzura in its lower reaches. That situation reflected the trace of a previous network of river branches. The other short watercourses were not linked with it, forming four endorheic drainage areas of different sizes with unclear topographic limits (water divides).
The delineated water divides of the hydrographic system from 1803 and 1843 are only approximate, due to the lack of any presentation of relief on the source map. On the basis of the Quartermaster's Office Map it may be concluded that the network of short and long watercourses was much denser in 1843, especially in the zone of the moraine plateau erosion scarp (Fig. 3(b) ). Due to the hatching method of relief presentation and the limited number of toponymes, it is difficult to identify watercourses and their directions of flow; the endorheic area still remains quite large (>40%). An interesting example is the course of the old Olszowiecki Canal, flowing directly into the Bzura. The old Łasica Canal was then a watercourse only 20 km long, flowing directly into the Bzura. Near its outlet, it joined an active bifurcation tributary about 7 km long (Fig. 3(b) ). Particular improvement works before World War II were not systematic, mainly including the digging of field drains by hand, or using simple machines, as well as the renovating of existing drains. Drainage was aimed at reclaiming new areas for cultivation and increasing the accessibility of forests. After 1945, water reclamation was better planned and on a larger scale, but the aim remained the draining of the ice-marginal valley, which was to become steadily more cut off from the Vistula.
The water reclamation base level of the old Łasica Canal was then, as now, the Bzura River. The wetlands in floodplain depressions were only a local base level for the old Lipkowska Stream and Wilcza Stream. An artificial drainage base level was forced as a result of successive stages of hydrological improvement conducted from the mid 19th century onwards (Fig. 4(a) and (b) ). The network of man-made channels, i.e. the Łasica, Zaborowski, Olszowiecki and Ł9 canals lowered the erosion base level of that time markedly, in relation to the natural one. The natural, local and subsurface drainage areas of the Łasica Canal are absorptive endorheic basins between dunes. These form two condensed strips consisting of a few dozen drainage areas adjoining one another, dry lows (absorptive, covering 22% of the area), and lows with a damp bottom (lows of increased local evaporation; covering 4% of the area). This gives the total of 26% for the Łasica Canal drainage area. The result of improvement works was a lowering of the gradient of watercourses and the draining of the first level to the underground water table. The modern open canals have bottoms 1.0-3.0 m wide. Most of them have flat bottoms 1.0-1.5 m wide and their banks are reinforced with turf, fascine and stakes, and occasionally with sticks. They form a dense network of watercourses (of average density 160.l m/km 2 ), draining forests (carr, riparian alder woods), swamps, marshes and damp meadows. Other short watercourses, connected with the local base level of numerous endorheic basins, nowadays form separate drainage systems. Some watercourses cutting the erosion scarp of the plateau were bifurcated; the map from 1843 marks the change of recipient direction from an endorheic area to the south tributaries of the Utrata. Nowadays, these watercourses are again included in the runoff system of the Zaborowski Canal drainage area.
In the water divide zone of the modern Łasica Canal there is also a bifurcation marked between the Utrata and two water bodies; these are ponds or gravel or clay pits, now forming an endorheic drainage area. They are not depicted on Gilly's Map from 1803, but are present on the map from 1843. The bodies of water have survived until now, though their area is reduced; they were included in the Zaborowski Canal drainage network. The ice-marginal valley area adjoining the river bed of the contemporary Vistula, at that time not limited by flood embankments, did not have a permanent connection with it, though many old beds, flow traces and swamps were created after more major floods. All the maps mark absorptive endorheic basins situated between dunes, forming two strips: a northern and a southern (22% of the Łasica Canal drainage area). Notwithstanding the improvement works, these basins have survived until today in almost unchanged size and form.
Assessment of human impacts
Hydrological areal, linear and point changes since the beginning of the 19th century are considerable. They resulted from climatic change, but mostly from anthropogenic transformations. Improvements, the installation of flood embankments cutting areas off from the direct influence of the dynamics of the rivers Vistula and Bzura, and urbanization progressing from the south east (the development of Warsaw) have been the main influences on qualitative and quantitative transformations.
The comparative analysis showed substantial dynamics for the changes noted. Those taking place in the 19th and 20th centuries, as recorded on topographic maps, did not always occur within the study area at the same intensity. Forest management, progress with agriculture and the use of meadows as pastures for livestock often took place simultaneously. Piasecka (1970) and Wilgat (1991) established that transformations of the hydrographic network are documented and may be a proper reference for change evaluation. The hydrographic changes revealed were presented in the form of a synthetic choropleth map showing temporal and spatial trends (Fig. 6) . As the analysed parameters at the seven chosen time points had to be referred to an enumeration unit, a basic grid for these was constructed in line with the sizes and shapes of given areas, following the recommendation of Pasławski (2003) . Following Pradela and Stolarski (2010), we chose as the enumeration unit of geometric reference an equilateral hexagon with the area calculated in accordance with the methods of Pociask-Karteczka (1995) and Suchożebrski (2001) , using an inequality that considered the size of the analysed area of the pre-valley (A): 0.05√A ≤ l ≤ 0.1√A where l is the distance between the grid cells (km).
The distance between the centres of enumeration units was assumed to equal 1.6 km, which corresponds to the area of each hexagon (1.2 km 2 ) and the total number of all units exceeding 900 (Fig. 6) . Each of the units in the grid was given the value of a hydrographic parameter in successive time stages represented on the analysed maps.
The zoning arrangement for relief and hydrographic structure in the study area corresponds to the hexagonal arrangement illustrating linear and areal changes. Through use of the statistical function, we calculated the value of the gradient of the regression line in each unit corresponding to five different trend categories summarizing spatio-temporal changes in the selected features; i.e. the lengths of watercourses ( Fig. 6(a) ), the area of swamps and wetlands ( Fig. 6(b) ), the area of endorheic basin drainage areas (Fig. 6(c) ) and the area of the Vistula floodplains ( Fig. 6(d) ). Data for lengths of watercourses show a clear upward trend (62.7% of the analysed fields). Equally, for changes in swamps and bogs, on floodplains and in endorheic drainage areas, the reverse trend (clearly downward) is to be observed (in 32.3% of the area of swamp and bogs and 45% of the endorheic drainage areas). Despite drainage works, 45% of the swamps and bogs and 31% of the endorheic drainage area were not subject to any quantitative change.
Changes in water management were determined by a complex mix of factors, mostly anthropogenic, that all tended to exert influences on each other. The seven analysed topographic maps document and confirm changes in the structure of drainage over the selected time span. The maps from the first half of the 19th century illustrate the first stage of an economic boom with attendant drainage and deforestation. At the beginning of the 19th century the drainage area of the modern Łasica Canal was a swampy, isolated part of the ice-marginal valley, covered with thick forest and dunes. These forest ecosystems long remained dense complexes, the poor soils under them obstructing agriculture. Losses to forests were in turn caused by the cutting of trees for the timber and wood industries, and also by the increasing density of the road network and construction. The first drains, dug manually, and with courses and transformations traceable in later years, have remained in place until today. Changes resulting from deforestation and increased drainage works can be seen from subsequent maps. Most terrain was drained between 1850 and 1870, by means of field drains and open canals, consecutively including into the flow the direct drainage areas of the Łasica, Olszowiecki and Zaborowski canals. Hydrological improvement works progressed up the drainage area of the Łasica Canal from the west to the southwest, towards its water divide. Almost all the drainage area of the Łasica Canal was subject to hydrological improvement. Two exceptions were dry (absorptive) endorheic areas, and part of the locally increased evaporation areas, whose share was originally over 50% of the drainage area and then gradually shrank to 26% and then to only 13%. In the inter-War period, further hydrological improvement works (basic and detailed) progressed, as did the construction of flood embankments along the Vistula and lower Bzura. The beds of canals and field drains were stabilized, together with regulation in the Vistula Valley (arranging the links of old river beds, shoals and islets with the river). This took place in the period 1900-1950 on the reach from below Zakroczym to the mouth of the Bzura, and also when the Kromnowski Canal (a flood relief canal) and the Ł9 Canal were built.
After 1976, the management of Kampinoski National Park stopped any further improvement works. Since then the beds of the watercourses have been silting up and overgrowing successively, while the water gates and weirs, mostly devastated, only raise water levels locally, over short distances. The field drains and Łasica and Kromnowski canals join at the mouth above a pumping plant, which started operating in the 1970s. When the water table at the mouth of the Łasica Canal is lower than that of the Bzura, the flow is automatically cut off by a hydraulic device. Some intermediate pumping stations also direct excessive water from the Vistula into the Kromnowski Canal, a relief canal.
Waters coming from precipitation alimentation and from shallow groundwater resources make a network of watercourses, swamps and bogs. They have regressed very clearly, in successive stages of improvement works, towards deeper and deeper drainage and poor irrigation. This is confirmed by a comparison of the density of the water network as shown by the median value in kilometres for distance from water (Fig. 5) . Successive cumulated curves confirm multiple diminishing of distances from water (from 1.2 km in 1803 to 0.3 km in 1981), reflecting the increasing density of the artificial water network.
The proven dynamic changes, connected with the hydrographic change, contributed to a significant transformation of water phases and alimentation forms in the study area. The influence of economic activity, local at first, is becoming (with economic progress) more regional in scale.
The cessation of drainage works and a continuous depreciation of hydro-technical infrastructure are especially important for water management within the ice-marginal valley. Okruszko (1979) stresses that drainage and irrigation works are followed by changes in water circulation on a local scale, through a change in evapotranspiration, while excessive drainage causes declines in the primeval flora and soil cover.
Evaluating the past extent of Vistula floods
In the ice-marginal valley used by the Vistula, floods have always occurred. Mentions and descriptions of catastrophic floods along this stretch of the river are to be found in the oldest preserved records, collected in chronological order by, among others, Cyberski et al. (2006), Gutry-Korycka (2007 and Gutry-Korycka et al. (2011) . Defence of the former ice-marginal valley against flooding by the Vistula was not very efficient when the levels of water rose quickly during high water, whether caused by thaws or heavy precipitation.
People have always struggled with 'March floods' (in March/April, caused by the thaw), 'St John's floods' (around 24 June) or 'St James's floods' (around 25 July). At first they did this by building simple embankments, low-ground flood embankments and fortifications, but from the 1300s onwards the Dutch settlers started to use more efficient and durable methods of flood defence.
From the Middle Ages onwards, the Vistula was an important waterway for transporting goods, floating wood and providing communications for people, and from 1851 it was used by steamboats travelling all the way to Gdańsk (Ingarden 1922) . The systematic construction of flood embankments commenced in the period 1813-1850, after especially severe floods in 1813 and 1844 (Fig. 7) . However, until the mid 19th century, the section of the Vistula under study remained in an almost natural state.
Flood embankments were built, from the mid 19th century onwards, in the most necessary places, but only in short stretches after the flood of 1924 (Fig. 8) . They were rebuilt from 1948-1952, and had Małgorzata Gutry-Korycka and Izabela Golebiowska a wider gauge, from 500 to 1600 m, and, in order to let through high flows, their average gauge was about 900 m. The majority of flood embankments were situated parallel to the main river bed, some stretches being reverse banks, directed into the land at a straight or sharp angle to the basic flood embankments (Janczewski 1971) . If they are broken or if they leak, a flood occurs under or around them. The flood embankment gradeline stays at a level that guarantees the protection of adjoining terrain. From the 1840s to the present day, the length of flood embankments has increased from 10 km in Warsaw to 70 km (going down the river), as illustrated in Figs 3(a)-(g) and 4(c). The oldest flood embankments were modernized and their tops were raised between 1965 and 1967. Below the confluence with the Bug in 1947 flood embankments were further extended and combined with the regulation system, including the relief canal in the form of the Kromnowski Canal. Intermediate pumping stations completed the investment. There are now three culverts operating in the flood embankments, their role being to regulate flow. Flood embankments were usually built on road embankments and on land elevations. They were situated above the edge of the fluvial terrace, causing the river to be cut-off from most of its ice-marginal valley. The fluvial and alluvial terraces were under the direct influence of high flows along the Vistula, though after the cut-off with flood embankments, the contact became limited. Regulation works allowed alluvial soils to be ploughed, particularly intensively in the inter-War period and after World War II, as a result of the river bed being cut off from its terraces, the icemarginal valley and the plateau. The building of flood embankments was a way of protecting the area from floods, justified especially vigorously by Matakiewicz (1920) and Dębski (1950) . In addition, Janczewski (1971) , Łopata and Gutry-Korycka (2002) and Cyberski et al. (2006) , as well as the Monografia Powodzi Wisły (2011), point out that, after water in the Vistula exceeds the alarm level (670 cm in Warsaw-Praski Harbour, 700 cm at Modlin, 550 cm at Wyszogród and 450 cm at Kępa Polska), the threat posed by flooding increases.
The differentiated relief of the study area, especially the course and location of river terrace edges combined with a digital terrain model (DTM), provide a spatial framework for cartographic evaluation of the potential reach of the largest floods in August 1813 ( Fig. 9(a) ) and July 1844 (Figs 7 and 9(b)), Fig. 9 (a-d) Historical extent of floods along the Vistula.
Hydrological alteration of an ice-marginal valley in relation to historical floodswhen the river was not lined by flood embankments. It was assumed that the water level on the flooded area corresponds to the same grade line as in the Vistula River bed. The left bank was analysed from the Warsaw-Praski Harbour hydrological profile to Wyszogród (the Bzura mouth), where the drop in the flood water table ordinates is between 17.2 (1844) and 19.2 m (1813). This corresponds to an average drop of the wave water table of 0.25‰ (Fig. 7) . Due to a lack of suitable hydrological data, the flood reconstruction did not consider the changeability of the surge-wave flow. Zones and places of potential flooding, and the probable directions thereof, are shown. The successive influences of backwater caused by the left and right Bug, Narew and Bzura rivers are also marked. Historical floods probably covered a large part of the ice-marginal valley, reaching the erosion scarp of the plateau, but the chains of dune banks rose above the water like islands, between swamps and deflation lows (Fig. 9) .
The largest documented flood, caused by ice jams and bank-ups, floes and pancake ice, occurred in March/April 1924 (Wezbranie wiosenne…, 1926) ( Fig. 9(c) ). Theories as to the cause of this event have been supported by many hydrological measurements. In the period before the flood, the level of the Vistula fell as a result of the formation of thick ice and pancake ice cover. Under the influence of strong winds and the river current, this became banked-up and jams were created. The resultant flood lasted for 30 days and had three phases: the first caused by a jam on the river below Warsaw; the second when the first jam joined another at the confluence with the Bug; and the third when an ice-jam blocked the mouth of the Bzura (Fig. 8) . As a result of flood embankments cracking and throwing ice floes over their crests, melting ice and pancake ice was spilt (pushed into the lows and hollows of the ice-marginal valley). The grade line of the flood water table changed abruptly, but the height of the surge is not known, so the simulation of the range of the icejam flood has been a more complex matter burdened with an error of estimation. As an example, the course of the flood crest of March 1924 is shown, with account taken of the phases of ice-jam creation mentioned above (Fig. 8) . As Zubrzycki (1925) found, the ice-jam surge was not an exceptional circumstance for the late 19th or early 20th centuries. However, climatic warming ensures that such floods have been happening less frequently in recent years. An ice-jam of March 1855 was also dangerous (Kolberg 1861) , while the surge of 1924 was strikingly similar to the melt flood of 1888.
The precipitation flood of 1934 was less dangerous than it might have been, thanks to the efficient working of flood embankments protecting the study area. The hydrological data necessary to recreate its effects -in terms of flooded area and permeationsare much more precise. The flood was caused by a precipitation squall and persistent rain in the Carpathian Mountains. The extent of the flooded area in 1934 (Fig. 9(d) ) was recorded on Mapa Terenów Powodziowych (The Map of Flood Areas) (1935) on a scale of 1:500 000. This based itself on Common Insurance Company (PZU) insurance payments, in line with three grades of the flood: the completely flooded area, the area more than 50% permeated and the area less than 50% permeated. Their range was delineated on the basis of the number of fields and buildings damaged. Figure 9 (a)-(d) shows how the extent of flooding within the ice-marginal valley declined over time. Embanking of the Vistula, work on regulation and the remodelling of the hydrographic system in terms of its configuration (through the digging of the Kromnowski Canal) all gave rise to the steady cutting-off of the river from its terraces. Nevertheless, the threat of flooding posed by the river will return if the embankments are ever topped or breached, or if they develop any more major leaks.
The precise recreating of the extent of floods within the study area (through both one-and multidimensional modelling), requires not only measurements of river levels and flows, but also many other parameters, such as roughness and the geometry of the river bed in the past. Knowledge of water levels in the river (the filling of the river bed), despite the highest precision and simplicity of measurements, are not sufficiently precise to verify hydrodynamic models, with the result that many approximations have to be made.
We therefore chose a method of joining the profile of the longitudinal water table of the surge wave based on precise geodetic altitude measurements (Ortofotomapa cyfrowa …, 1999, Ortofotomapa międzywala Wisły …, 1999) with a DTM at a resolution of 10 m × 10 m. To reconstruct historical floods along the study reach of the Vistula, use was made of the latest hydrographic structure maps and data from streamgauge measurements, combined with levelling (an orthophotomap of the terrain between flood embankments on the scale 1:10 000) and a DTM made as part of a project by Kampinoski National Park (Gottschalk et al. 2011 , Kozłowski 2011 . On the basis of the aforementioned map and ordinates of water levels recreated from historical measurements, we made a levelled longitudinal profile of the water table approximated by a linear trend (as were the changes in the ordinates of the flood embankment tops). Altitude data, calculated in relation to the orthometric altitude above sea level in Kronshtadt, were the basis for the construction of a longitudinal profile of the water table ordinate. The altitude values for the bed ordinates were linked every 1 km along the river with data from the levelling of streamgauge sections from Warsaw, Modlin, Wyszogród and Kępa Polska (Fig. 8) . The values for the measured levelling points of the water table on the Vistula bed were between 77.41 and 59.33 m a.s.l. at low water level. To estimate the approximate extent of flooded areas, it was assumed that areas adjoining the contemporary river bed with an ordinate equal to or less than the same ordinate of the surge-water table (taken from the longitudinal profile) fell within the flooded area (Fig. 9) . It was then possible to make a graphical comparison of the gradelines in the analysed area, determining the limits of potential flooding. The maximum extent of flooding (400 km 2 ) characterized the flood of 1844 (Fig. 9(b) ), but this gradually decreased to 100 km 2 in the case of the flood of 1934 ( Fig. 9(d) ).
DISCUSSION AND CONCLUSIONS
Since Pleistocene and Holocene times, the part of the Warsaw-Berlin ice-marginal valley used by the Vistula has been transformed greatly by both natural processes and human activity. The process of deforestation seeking to supply new land for agriculture, conversion into meadows, or the construction of settlements is seen to accelerate over the last two centuries, while human impact is also manifested in ever more intensive drainage. Stages of successive building of new and essential developments to the hydrographic system took place, the aim being to achieve greater protection by way of drainage and the construction of flood banks. The valleys and terraces of large European and North American rivers of similar genesis came under the influence of similar evolutionary and anthropogenic factors, to the extent that the results obtained here may be regarded as representative, even if the rates of transformation varied from one place to another. It should thus be emphasized that the consequences of such anthropogenic activity have been major changes in the circulation of water in the hydrological system within the erosion terraces and glacio-fluvial valleys of selected large European rivers. These changes transform the relationship between a river and its valley at times of flooding resulting from either precipitation or ice jams.
Reconstructing the extent of catastrophic floods from history is significant as it explains the need for gradual construction of flood embankments and then for them to be raised. Areas subject to flooding declined gradually, but this does not mean that the threat cannot return at any moment. In the 1960s, raising of the tops of flood embankments had an unfavourable impact as the gradual cutting-off process and drainage produced marked drying of swamp ecosystems within the ice-marginal valley.
To summarize, a graphical approach to the reconstruction of the extent of historical floods represents a contribution to the construction of maps of risk in river course and terrace areas and complements other methods of hydrodynamic modelling. Despite some limitations, the access to modern digital GIS technologies and uniform geodetic altitude data makes it possible to combine geodetic-cartographic data for the valley with one or two-dimensional, deterministic or stochastic hydrological models of flood-wave transformation. This also makes it possible, not only to determine the extent of floods, but also to distinguish flood-risk zones, with an evaluation of the depth of floods in the prevalley. A map of the areas now in danger of flooding should include the range of the highest, historical floods.
